High-valent metal-oxo compounds are important because of their biological significance, [1] use as oxidation catalysts, [2] and role in synthetic organic reactions.
, and trifluoroacetic acid (TFA);t pfc = 5,10,15-tris(pentafluorophenyl) corrole] from (tpfc)Mn V (O) were followed by UV/Vis spectroscopy,g iving second-order rate constants rangingo ver five orders of magnitude from 10 À2 for Ca to 10 3 m À1 s À1 for Sc. Hydrogen atom transfer (HAT) rates from 2,4-di-tert-butyl phenol (2,4-DTBP) to the various Lewis acid valence tautomers of manganese oxo corrolec omplexes were evaluated and compared. For LA = TFA, Sc III ,o rY b III ,t he rate constants of HAT were comparable to unactivated (tpfc)Mn V (O). However, with LA = B(C 6 F 5 ) 3 ,Z n II ,a nd Ca II ,6 -, 21-, and3 1-fold rate enhancements were observed, respectively.R emarkably, [(tpfc · )Mn IV (OCa)] 2 + gave the most enhancement despite its rate of formation being the slowest. Comparisons of HATr ate constants among the various Lewis acid tautomers revealed that both size and charge are important. This study underscores how valence may affect the reactivity of high-valent manganese-oxo compounds and sheds light on nature's choice of Ca in the activation of Mn-oxo in theo xygen-evolving complex.
High-valent metal-oxo compounds are important because of their biological significance, [1] use as oxidation catalysts, [2] and role in synthetic organic reactions. [3] In many biological reactions, valence tautomers play an important role in tuning activity. [4] Speciesknown to exhibit this behavior include catalases, [5] cytochrome P450, [2a, 6] and peroxidases. [7] Cytochrome P450 enzymes are ubiquitous in plants, bacteria, insects, and mammals, with 57 so far identified in the human genome. [6b, 8] In substrate oxidation with cytochrome P450, the active speciesh as been shownt ob ec ompound I, the valence tautomer of iron(V) oxo.
[6c] Catalase has been shown to exhibit valencet automerism with the addition of as toichiometric amount of an oxidant in bovine liver catalase, [5a] Micrococus lysodeikticus catalase [5b] and Proteas mirabilis catalase. [5a, c] Likewise, manganese-mediated water oxidation involves av alence tautomer formed through the coordination of Ca 2 + to the manganese-oxo ligand.
[9] These discoveries have led to an increased interest in valence tautomerism and the influence of Lewis acidso nt he reactivity of high-valent metal-oxo complexes. [10] Valence tautomerism has been seen in porphyrin, [11] corrolazine, [12] and corrole [13] species.T hese complexes can be distinguished from other high-valent metal-oxo porphyrinoid compounds through the presence of at ransition in the visible > 600 nm region, owing to the p-radical of the porphyrinoid ring. Goldberg and co-workers have shown interesting reactivity for these valence tautomers in corrolazines.
[14] They have illustrated differences in oxygen atom transfer (OAT) spanning three orders of magnitude, which is a1 000-fold rate enhancement.
[14b] Herein, we report the preparation of valence tautomers of manganese(V)-oxo corrole with variousL ewis acids:
,B (C 6 F 5 ) 3 ,a nd TFA. We have also investigated and quantified their ability to undergo hydrogen atom transfer (HAT) with 2,4-ditertiarybutyl phenol( 2,4-DTBP).
Recently,w es howed that manganese-oxo corrole 1 is capable of undergoing valence tautomerization with aB rønsted acid (TFA) to form complex 2. [15] The valencet automerization showed an increase in the rate of electron transfer (ET) but ad ecrease in OATcapability,a nd no change in HAT. Following this observation, we investigated Zn role shifted depending on the Lewis acid ( Figures S4-S9 ). The effect of the Lewis acid on the exact electronic structure of the resultingv alence tautomers is beyond the scope of this report and merits an independent future investigation. The rates of formationo f2-7 also varied over aw ide range, with secondorder rate constants k 1 LA = 10 À2 -10 3 m À1 s À1 .R ates of reaction were monitored under pseudo-first-order conditions by following the disappearance of 1 at 345 nm, which, in all cases, produced clean isosbestic conversion, indicating no accumulation of an intermediate. The data (UV/Vis spectra and kinetic dependencies) for Zn(OTf) 2 (OTf = trifluoromethanesulfonate) is presentedi nF igure 1. The final spectrum for each reaction is consistentw ith that of a p-radical corrole species.
[13] The second-order rate constants for the different Lewis acids are given in Ta ble 1.
Sc (OTf) (Table 1) . Both are nearly identical in size (ionic radii), butt he differencei nc harge/electronics translates to a8 10-fold difference in rate constants, that is, nearly threeo rders of magnitude. On the other hand, Ca 2 + is larger than Zn 2 + and, indeed, their respective rate constants for tautomer formation span two orders of magnitude. This large difference could be attributed to ac ombination of size and electronics, given that calcium is am ain-group element. Similarly,B (C 6 F 5 ) 3 is not charged and bulky if the aromatic groups comei nto play;h owever,t he strong BÀOb ond (electronics)i nt he valencet automer potentially compensates for it, giving ar ate constant that falls between Zn and Sc.
The valence tautomers [(tpfc Although the valence tautomer resulting from TFAg ave a k 2 TFA value for HATof3 3m À1 s
À1
,w hich is slightly slowert han that observedf or 1,t he valence tautomer resulting from Zn(OTf) 2 showeda21-folda cceleration,w ith k 2 Zn = 943 m À1 s
. Ta utomerf ormation 1386 AE 51 .00 (tpfc · )Mn IV (OÀB(C 6 F 5 ) 3 (7)6 50 AE 10 271 AE 6
[a] Species 2-7 were made from the reactiono f1 with the corresponding Lewis acid. The biggest enhancementw as observed for the Ca complex 6 (k 2 Ca = 1386 m À1 s
). It is interesting to note that the trend for HATi se ssentially the reverse of that observed for the kinetics of tautomer formation. The Ca tautomer,b eing the slowest to form, wasf ound to be most reactive towards HAT. Sc and Yb, similar to TFA, showed fast kinetics of formation, yet their HAT rate constants were quite comparable to the manganese(V)-oxo complex 1.F actors that influence HATa re not evident from the available data so far;t here is no trend that can be discerned with respect to electronics or sterics. The borane Lewis acid, B(C 6 F 5 ) 3 ,f alls in the middle againb etween the bookends, as it did for the kineticso ft automer formation. These results highlight the importance of the Lewis acid in activating the oxo complex and that the rates of HATare sensitive to the nature of the Lewis acid, spanning almostt wo orders of magnitude in reactionr ate constants. Furthermore, it is worthy to note that calcium provideds uperior activity in activating/enhancing the redox activity of manganese(V)-oxo, as exemplified by this HATr eaction. Calcium is involved in the oxygen evolvingc omplex( OEC) and could be playing as imilar role in kinetically enhancing the redox activity of the manganese-oxo in the cubanec luster.
In conclusion, we have demonstrated that high-valent manganese(V)-oxo corrolec omplex 1 undergoes valence tautomerization with av ariety of differentL ewis acids. The rate at which thesev alence tautomers are formed varies over five orders of magnitude. Although sterics might play ap art, electronic factors appear to be the primary influencer.V alence tautomers of Zn and Ca enhancethe rate of HATtot he manganese(V)-oxob y2 1a nd 33 times that for complex 1,r espectively. The trend for HATi si nversely correlatedt ot he tautomer formation rate constants. The superior kinetics of the Ca tautomer is consistentw ith nature's choice in using Ca in the OEC. The identityo ft he Lewis acid plays an important role in the redox kinetics of the manganese(V)-oxo compound.
